Introduction {#s1}
============

Global cancer statistics estimates for 2018 showed that colorectal cancer (CRC) was the third most commonly diagnosed cancer and the second leading cause of cancer-related death ([@CIT0001]). Clinical data showed that there was a higher proportion of patients with *de novo* metastatic disease, and even after chemotherapy, approximately 25--30% of patients with stage II/III disease had a recurrence within 5 years of surgery ([@CIT0002]). CRC also has a high incidence in China ([@CIT0003]). It is worth noting that the case-fatality ratio of CRC in China is 14%, which is higher than the global average of 12.2%, and the mortality/incidence ratio in China is 52.1%, which is higher than the global average of 48.3% ([@CIT0004]). Therefore, we have to explore more effective treatment methods.

Isochorismatase domain-containing 1 (ISOC1), also known as CGI-111, is a protein-coding gene that belongs to the isochorismatase hydrolase family, along with its paralog ISOC2. Isochorismatase, also known as 2,3-dihydro-2, 3-dihydroxybenzoate synthase, catalyzes the conversion of isochorismate, in the presence of water, to 2,3-dihydroxybenzoate and pyruvate ([@CIT0005]). ISOC1 comprises 298 amino acids, and its chromosomal location is 5q23.3. Peroxisomes may be the major intracellular location of ISOC1. ISOC1 has been reported in some research: the expression level of ISOC1 was associated with progressive chronic renal failure in rats ([@CIT0006]), with highly susceptible to *Staphylococcus aureus* in mice ([@CIT0007]), and with early neutrophil development via targeting by miR-130a, which forms a complex with other target proteins to affect metabolism ([@CIT0008]). There has been relatively little research on the role of ISOC1 in cancer; however, a tumor-related protein (gi14572526), which is homologous to ISOC1, was identified in the rat liver ([@CIT0009]). As a multiple tumor suppressor, p16^INK4a^ could be inhibited by overexpressing ISOC2, suggesting that, as another member of the same family as ISOC1, ISOC2 may play a role during tumor development ([@CIT0010]). Previous studies have reported that the relationship between ISOC1 and tumors, including the expression of ISOC1 in leiomyoma, was significantly higher than that in normal myometrium ([@CIT0011]), ISOC1 was more abundantly expressed in ERα-positive breast cancer tissues than in ERα-negative tissues ([@CIT0012]), and ISOC1 knockdown impaired the growth of breast cancer cells ([@CIT0013]). However, the role of ISOC1 in CRC is still unknown. The purpose of this study was to clarify the expression of ISOC1 in CRC and colon cancer cell lines and the role and potential mechanism of ISOC1 in colon cancer cells.

Materials and methods {#s2}
=====================

Patients and tissue samples {#s3}
---------------------------

Legally effective informed consent was obtained from all patients whose samples were used in this study, and ethics committee approval for this study was also obtained. In this study, all 106 patients with CRC eceived surgical treatment in the Second General Surgery of the Fourth Hospital of Hebei Medical University from July 2015 to October 2018. Patients with primary CRC in stages I--IV, based on the seventh edition of the American Joint Commission on Cancer Staging System (AJCC), and complete clinicopathologic data met the inclusion criteria. Patients who underwent preoperative radiotherapy, chemotherapy or biological therapy were excluded. All 106 paired CRC tissue samples included tumor tissue specimens (confirmed by pathological diagnosis) and matched adjacent non-tumor tissue specimens (at least 5 cm away from the edge of the tumor mass). Patients with a postoperative period of 24 months were followed up, and the data obtained were used for disease-free survival probability analysis.

Cell culture and drug treatment {#s4}
-------------------------------

NCM460, a healthy human colon mucosa cell line, was obtained from INCELL (San Antonio). HCT116, SW480, HT-29, RKO and DLD-1 human colon cancer cell lines were purchased (6--12 months prior to experiments) from Type Culture Collection of the Chinese Academy of Science (Shanghai, China). At the time of purchase, all cell lines were analyzed by the short tandem repeat STR method recommended by American Type Culture Collection (ATCC) to confirm the identity of the human cell lines and to rule out both intraspecies and interspecies contamination. Cells were maintained in RPMI 1640 medium and Dulbecco's modified Eagle's medium supplemented with 1% penicillin-streptomycin (Gibco) and 10% fetal bovine serum (Biological Industries, Israel) at 37°C in 5% CO~2~. 7-Hydroxystaurosporine (UCN01) was purchased from Sigma (U6508), dissolved in dimethyl sulfoxide at 20 mM and then stored at −20°C.

RNA extraction and qRT--PCR {#s5}
---------------------------

The RNA was extracted from frozen tissue samples and cultured cells using the TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA (1 µg) was reverse transcribed to single-stranded cDNA by using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Germany) after examining the purity and concentration of the RNA. The cDNA was used as the template for the quantitative real-time PCR (qRT--PCR) with TransStart® Top Green qPCR SuperMix (TRANS®, Beijing). The application of primers was as follows: ISOC1 forward, 5′-AACAAACTGCCCTGGAGCTA-3′ and reverse, 5′-TCTGGAGCACTCGCCTTAAT-3′; GAPDH forward, 5′-CGGATTTGGTCGTATTGGG-3′ and reverse, 5′-TGCTGGAAGATGGTGATGGGATT-3′. All samples were run in triplicate, and the differences in ISOC1 mRNA expression were compared by using the 2^−ΔCt^ method.

Immunohistochemistry {#s6}
--------------------

The tissue specimens were fixed with formaldehyde and paraffin-embedded. Tissue sections cut from the paraffin blocks were dewaxed and then immersed in citrate buffer (0.01 M, pH 6.0), which was used for antigen retrieval. Endogenous peroxidase activity of the samples was inhibited using H~2~O~2~ (3%). Normal goat serum (5%) was used to block the heterogenetic antigens. Rabbit anti-ISOC1 polyclonal antibody (ab118245, Abcam) was used for staining. Goat anti-rabbit IgG polyclonal antibody (G23303, Servicebio, China) was used as the secondary antibody to bind the third antibody. Sections were stained with horseradish peroxidase-conjugated streptavidin working solution. The specimens were covered by DAB chromogen (Servicebio, China) for color development, counterstained with hematoxylin and mounted with neutral gum.

Immunostaining results were assessed independently by two pathologists. The intensity of staining was scored visually and recorded as −\~+ for negative and as ++\~+++ for positive.

Cell infection and transfection {#s7}
-------------------------------

The effective RNA interference ISOC1 target sequences 1 (5′-ATTTGAGTACCAGCATTTA-3′) and 2 (5′-CCAGAAGTAGAAGCGGCATTA-3′) were designed by GeneChem Co., Ltd. The negative control (NC) had a non-targeting sequence (5′-TTCTCCGAACGTGTCACGT-3′). The short-hairpin structural RNA (shRNA) with the NC sequence (shCtrl) or the ISOC1-targeting sequences (shISOC1-1 and shISOC1-2) were inserted into the vector ([Supplementary Material 1](#sup1){ref-type="supplementary-material"}, available at *Carcinogenesis* Online), which stably expressed shRNA and a marker (EGFP). This vector was used to prepare lentivirus. Small interfering RNA targeting AKT and its phosphorylation site (AKT Thr^308^) of deletion and activation plasmids were synthesized and purchased from GenePharma Co., Ltd and GeneChem Co., Ltd, respectively ([Supplementary Materials 2](#sup1){ref-type="supplementary-material"} and [3](#sup1){ref-type="supplementary-material"}, available at *Carcinogenesis* Online).

The cells were infected with lentivirus or transfected with small interfering RNA and plasmids, and the entire procedure followed the manufacturer's instructions ([Supplementary Methods 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}, available at *Carcinogenesis* Online). The infected cells with green fluorescence could be observed with fluorescence microscopy (Nikon Eclipse TE2000-U, Japan).

Western blot analysis {#s8}
---------------------

Equal amounts of the different protein samples were electrophoretically separated by using sodium dodecyl sulfate--polyacrylamide gel electrophoresis with a 10--12% gel and then transferred onto a PVDF membrane (Millipore). After blocking the membrane in a TBS solution with 5% fat-free milk, the membranes were incubated with primary antibodies. Goat anti-rabbit IgG (611-131-122, ROCKLAND) was used as the secondary antibody. The blots were visualized by an LI-COR Odyssey 9120 Infrared Imaging System (LI-COR Biosciences). The antibodies used for the western blotting included GAPDH (AP0063, Bioworld), ISOC1 (ab118245, Abcam), AKT1/2/3 (ET1609-51, Huabio, China), P-AKT Thr^308^ (AF3262, Affinity), P-GSK-3β Ser^9^ (AF2016, Affinity), P-STAT1 Tyr^701^ (AF6300, Affinity), PARP1 (13371-1-AP, Proteintech), Caspase-3 (9662, CST), Caspase-8 (GB-11594, Servicebio, China), Caspase-9 (GB-11053-1, Servicebio, China), c-Myc (5605s, CST), MMP2 (4022s, CST) and MMP9 (3852s, CST).

Cell growth and proliferation assays {#s9}
------------------------------------

Cell growth assays were performed using a Celigo Image Cytometer (Nexcelom) to monitor the growth of cell numbers. After infection, cells in the logarithmic growth phase were seeded in triplicate in 96-well plates with a density of 2000 cells/well. Then, the cell images were captured, and the number of cells was calculated once a day for 5 days. Finally, the cell growth over 5 days was plotted to create a growth curve.

An MTS assay was performed to examine the proliferation of HCT-116 and SW-480 cells. Briefly, cells were plated in 96-well plates at a density of 2000/well, and the absorbance at 492 nm (OD value) was detected after 1, 2, 3, 4 and 5 days with a microplate reader after treatment with MTS solution (20 µl/well). The experiment was repeated three times, and the ratio of the OD value (days 1--5) to the average value of the first day (cell viability) was calculated and plotted as MTS curves.

Clone-forming cell assay {#s10}
------------------------

The cells were seeded in six-well plates at a density of 2000 cells per well. After 10 days of cultivation, the cells were fixed with 4% paraformaldehyde and stained with Giemsa. Then, images of the cell plates were captured, and the colonies were counted; the experiment was repeated three times.

Caspase-3/7 activity assay and cell apoptosis analysis {#s11}
------------------------------------------------------

The cells were seeded in a 96-well plate with 10^4^ cells/well, with a blank control well without cells. Then, Caspase-Glo (G8091, Promega) was added to each well, shaken for 30 min and incubated for 2 h at room temperature. The Caspase-Glo 3/7 assay releases a substrate of luciferase after being cleaved by caspase-3 and -7. The substrate of luciferase results in a luminescent signal that can be detected by a Synergy 2 Multi-Mode Reader (BioTek).

Annexin V-APC (88-8007-72, eBioscience) was used for cell staining in the cell apoptosis assay. According to the manufacturer's instructions, the cells (≥5 × 10^5^/well) were washed, digested and then resuspended using 200 µl 1× binding buffer. Then, 10 µl annexin V-APC was added to 200 µl cell suspension and incubated in the dark at room temperature for 10--15 min. Cell apoptosis analysis was detected by a Guava easyCyte HT cytometer (Millipore).

Wound healing assay and Transwell migration assay {#s12}
-------------------------------------------------

After infection, the cells (5.0 × 10^5^/well) were seeded in six-well plates. Cells were allowed to grow to ≥80% confluence, then a pipette tip (200 µl) was used to scrape the cell layer of each culture plate to create scratch wounds. To inhibit cell division, serum-free medium containing 1 mM mitomycin was used to replace the complete medium. Phase-contrast images of wound fields were obtained at 0, 24 and 48 h after scratching.

Transwell migration assays were also used to test cell mobility. The cells were seeded on a non-coated membrane located in the upper chamber of a well in 24-well plates. Media without serum was added to the upper chamber, whereas media with 10% fetal bovine serum was added to the lower chamber to act as a chemoattractant for cell migration. After 24 h of incubation, cells that had not migrated were on the upper surface of the membrane, whereas the cells on the other side of the membrane were stained with crystal violet. The number of cells in five random fields of view was counted. Both experiments were repeated three times.

Animal experiments {#s13}
------------------

Male BALB/c nude mice were purchased (Beijing Vital River Laboratory Animal Technology Co., Ltd) and then fed by staff at the Experimental Animal Center of the Fourth Hospital of Hebei Medical University. Six-week-old mice were randomly assigned to two groups (*n* = 5) and were injected subcutaneously in their right flanks with 5 × 10^6^ infected cells. Tumor size was measured two times a week from days 1 to 21 post-implantation. Twenty-one days after subcutaneous inoculation, all mice were killed, and their tumors were weighed. Tumor volume was calculated using the following formula: (length × width^2^)/2. Animal experiments followed the USA National Institutes of Health Guidelines.

PathScan intracellular signaling array {#s14}
--------------------------------------

PathScan was used to detect changes in key signaling molecules in signal pathways. After infection, HCT-116 cells were collected and lysed. The PathScan® Antibody Array Kit (Cell Signaling Technology, \#14471) was used for detection, and the procedure was performed according to the manufacturer's instructions.

Nuclear and cytoplasmic protein extraction {#s15}
------------------------------------------

For the extraction of nuclear and cytoplasmic protein, cells were treated with the NE-PER^TM^ Nuclear and Cytoplasmic Extraction Reagents (Thermo, 78833) according to the manufacturer's instructions.

Immunocytochemistry and confocal microscopy {#s16}
-------------------------------------------

After infection, the cells were grown on coverslips, fixed with 4% paraformaldehyde and blocked with 10% fetal bovine serum. The coverslips were then incubated with the indicated antibodies overnight at 4°C and then incubated with goat anti-rabbit Cy3 secondary antibody (Wuhan Servicebio Technology, China) for 50 min. DNA was stained with 4′,6-diamidino-2-phenylindole (Wuhan Servicebio Technology). Coverslip images were collected using a laser confocal microscope (Nikon Eclipse TI, Japan).

Statistical analysis {#s17}
--------------------

Statistical analysis was performed using SPSS version 23.0 software. The mean ± SD was used to depict the experimental data. One-way analysis of variance, Student's *t*-tests, and the Wilcoxon signed rank test were performed for comparisons. Chi-square analyses were used to analyze categorical variables. The Kaplan--Meier method was used to estimate disease-free survival. A *P*-value \< 0.05 was considered statistically significant, and all statistical tests were two sided.

Results {#s18}
=======

ISOC1 is a CRC-associated gene and was knocked down with high efficiency by shRNA lentivirus {#s19}
--------------------------------------------------------------------------------------------

Our results showed that, compared with those in the matched non-tumor tissues, the mRNA expression levels of ISOC1 in cancer tissues were significantly elevated ([Figure 1A](#F1){ref-type="fig"}, *P* = 0.008). The cancer genome atlas (TCGA) and Genotype-Tissue Expression (GTEx) database also showed that ISOC1 expressed higher in CRC tissues than normal tissues (<http://gepia.cancer-pku.cn/detail.php?gene=isoc1>); as shown in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, available at *Carcinogenesis* Online, the difference was statistically significant only in our data, but not in TCGA and GTEx data. The disease-free survival analysis was performed via the Kaplan--Meier method, which is based on the cutoff value determined using receiver operating characteristic curves. The results showed that higher ISOC1 expression levels in patients were correlated with shorter disease-free survival ([Figure 1B](#F1){ref-type="fig"}). The median disease-free survival time for patients with CRC with high ISOC1 expression or low ISOC1 expression was 19.5 and 22.8 months, respectively. Immunohistochemical staining was used to compare the expression of ISOC1 proteins in 38 pairs of CRC tissues and matched adjacent non-tumor tissues. As summarized in [Table 1](#T1){ref-type="table"}, comparing the upregulated ISOC1 expression and clinical-pathological features of 106 CRC cases showed that elevated ISOC1 expression was significantly associated with tumor size, tumor invasion, local lymph node metastasis and Tumor, Node and Metastasis (TNM) stage. As shown in [Figure 1C](#F1){ref-type="fig"}, ISOC1 staining was predominantly positive in the cytoplasm of tumor cells, whereas weak staining of ISOC1 was present in non-tumor epithelial cells. The frequency of ISOC1 positive (++\~+++) staining in CRC tissues (60.5%, 23 of 38 samples) was significantly higher ([Supplementary Table](#sup1){ref-type="supplementary-material"}, available at *Carcinogenesis* Online, χ ^2^ = 7.664, *P* = 0.006) than that in matched non-tumor tissues (28.9%, 11 of 38). Moreover, ISOC1 mRNA and protein expression were detected in NCM-460, HCT-116, SW-480, RKO, DLD-1 and HT-29 cell lines. In addition to the RKO cell line, the mRNA and protein expression of ISOC1 in the other colon cancer cell lines was higher than that in the normal colon epithelial cell line NCM460, as depicted in [Figure 1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}. The results also showed that the expression of ISOC1 was higher in the HCT-116 and SW-480 cells than in the other three colon cancer cell lines. Thus, HCT-116 and SW-480 were chosen for further experiments.

###### 

Correlation between ISOC1 expression and clinicopathologic features in 106 CRC patients

                                 ISOC1                
  ------------------------------ ------- ---- ------- ---------
  All                            53      53           
  Age                                         0.151   0.697
   ≤62                           27      29           
   \>62                          26      24           
  Gender                                      1.873   0.171
   Male                          23      20           
   Female                        16      19           
  Tumor size                                  5.782   0.016\*
   ≤5 cm                         39      27           
   \>5 cm                        14      26           
  Tumor invasion                              6.014   0.014\*
   T1 + T2                       10      2            
   T3 + T4                       43      51           
  N stage                                     6.526   0.011\*
   N0                            37      24           
   N1 + 2                        16      29           
  M stage                                     1.334   0.248
   M0                            52      0            
   M1                            50      3            
  TNM stage                                   6.46    0.011\*
   +II                           36      23           
   III + IV                      17      30           
  Tumor embolus                               0.07    0.791
   Positive                      8       9            
   Negative                      45      44           
  Pathological differentiation                1.093   0.488
   Well moderate                 50      47           
   Poor                          3       6            

χ ^2^ tests were used to analyze the correlation between the expression level of ISOC1 and clinical features. The median expression level was used as the cutoff. Low expression of ISOC1 in 53 patients was classified as values below the 50th percentile. High ISOC1 expression in 53 patients was classified as values above the 50th percentile.

\**P* \< 0.05 indicates the statistical significance.

![ISOC1 expression in ygjufikyfi samples NNNNNNNNNlk/0124528 cell lines. (**A**) ISOC1 expression was analyzed by qRT--PCR in 106 paired samples including tumor and adjacent non-tumor tissues. Statistical analysis was performed using the Wilcoxon signed ranks test, and the horizontal line indicates the median value. (**B**) The patient's 2-year disease-free survival (DFS) data, which were analyzed by the Kaplan--Meier method, were used to reflect the effect of the ISOC1 expression level on clinical prognosis. The survival probability of the ISOC1-high expression group (*n* = 49) was significantly lower than that of the ISOC1-low expression group (*n* = 23; log-rank test; *P* = 0.006). The cutoff threshold of ISOC1 expression is determined using the Youden index of receiver operating characteristic curves. (**C**) Representative immunohistochemistry staining of ISOC1 in CRC tissues and adjacent non-tumor tissues (×400). Negative: −\~+; Positive: ++\~+++. (**D**, **E**) ISOC1 mRNA and protein expression levels in colon cancer cell lines.](bgz188f0001){#F1}

ISOC1 was downregulated in ISOC1-shRNA cell lines, and knockdown of ISOC1 inhibited colon cancer cell proliferation {#s20}
-------------------------------------------------------------------------------------------------------------------

To clarify the biological effect of ISOC1, we infected HCT-116 and SW-480 cell lines with the ISOC1-shRNA or NC lentivirus. Approximately 72 h later, the percentage of cells with green fluorescence suggested infection efficiency is greater than approximately 80% ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}, available at *Carcinogenesis* Online). After approximately 72--120 h, the cells were harvested, and total proteins and RNAs were collected. The qRT--PCR results suggested that compared with that in the NC group (shCtrl group), the expression of ISOC1 in the knockdown groups (shISOC1-1 and shISOC1-2 groups) was reduced by approximately 75% in both cell lines. The results of the western blot assay showed that the protein level of ISOC1 was greatly reduced by infecting with ISOC1 shRNAs ([Figure 2A](#F2){ref-type="fig"}). These results suggested effective knockdown of the target sequence occurred.

![ISOC1 is downregulated in ISOC1-shRNA cell lines, and knockdown of ISOC1 inhibits colon cancer cell proliferation. (**A**) Knockdown efficiency of ISOC1 by shRNA lentivirus. Western blotting and qRT--PCR were performed to detect the ISOC1 expression levels in ISOC1 knockdown (shISOC1-1 and shISOC1-2) and negative control (shCtrl) cells. The error bars represent the standard deviation. \**P* \< 0.05, \*\**P* \< 0.01. (**B**) Cell growth assay. ISOC1 knockdown attenuated the growth potential of HCT-116 cells. The number of cells was counted every day for 5 days. The fold change of cell numbers on day 1 was set to 1 for normalization. (**C**) MTS assays. ISOC1 knockdown attenuated the cell viability (OD492/fold) of HCT-116 and SW-480 cells. (**D**) Colony formation assays. ISOC1 knockdown attenuated colony formation in HCT-116 and SW-480 cells. The error bars represent the standard deviation. \**P* \< 0.05, \*\**P* \< 0.01.](bgz188f0002){#F2}

To explore whether ISOC1 can affect the proliferation of colon cancer cells, the infected HCT-116 cells were monitored by Celigo Image Cytometer. As shown in [Figure 2B](#F2){ref-type="fig"}, compared with that of the NC group, the proliferation ability of the ISOC1 knockdown groups was obviously inhibited by day 5 of the observation period. The cell proliferation curve (cell count) and the curve of fold change (cell count/fold) were used to quantify the proliferation ability. After 5 days, the average number of cells in the ISOC1 knockdown groups was 3.21 times and 3.66 times that of the first day, compared with 7.38 times in the NC group.

The MTS assay was used to verify the effect of ISOC1 on proliferation. The results indicated that ISOC1 knockdown significantly reduced the proliferative activities of the HCT-116 and SW-480 cell lines. As shown in [Figure 2C](#F2){ref-type="fig"}, the cell viability (OD492/fold) of the ISOC1 knockdown groups was significantly decreased compared with that of the NC group after culture for 4 days.

Furthermore, the results of the colony formation assay showed that ISOC1 knockdown induced a substantial reduction in the colony formation ability of HCT-116 and SW-480 cells ([Figure 2D](#F2){ref-type="fig"}).

ISOC1 knockdown induced apoptosis in colon cancer cells {#s21}
-------------------------------------------------------

Caspase-3/7 activity and cell apoptosis assays were employed to investigate the effect of ISOC1 knockdown on apoptosis in colon cancer cells. As shown in [Figure 3A](#F3){ref-type="fig"}, the relative caspase-3 and -7 activities were significantly higher in the ISOC1 knockdown groups than in the NC group. The results of the cell apoptosis assay suggested that the apoptosis rate of HCT-116 and SW-480 cells was dramatically increased in the ISOC1 knockdown groups compared with the NC group ([Figure 3B](#F3){ref-type="fig"}). Based on the experiments shown here, ISOC1 may be related to the apoptosis of colon cancer cells. To explore the potential mechanism, the protein expression of PARP1 and caspase-3, -8 and -9 was examined. The results showed that, compared with that in the NC cells, the expression of cleaved PARP1 and cleaved caspase-3 and -9 in ISOC1 knockdown cells was increased, whereas the full lengths of these proteins were decreased. There was no significant difference in the expression of caspase-8 ([Figure 3C](#F3){ref-type="fig"}).

![ISOC1 expression in CRC samples and cell lines. (**A**) Caspase-3/7 activity assay. Statistical analysis of caspase-3/7 activity in the shCtrl, shISOC1-1 and shISOC1-2 groups. (**B**) Cell apoptosis assay. Representative flow cytometric images in the shCtrl, shISOC1-1 and shISOC1-2 groups. (**C**) Western blot assay. The protein expression levels of cleaved PARP-1 and cleaved caspase-3 and -9 were increased in the shISOC1 (shISOC1-1) group compared with the shCtrl group, whereas the expression levels of pro-PARP-1 and pro-caspase-3 and -9 were decreased in the shISOC1 group compared with the shCtrl group. (**D**) Wound healing assay. The migration rate is derived from the ratio of the difference in wound width at different times to the initial wound width. (**E**) Transwell migration assays. The error bars represent the standard deviation. \**P* \< 0.05, \*\**P* \< 0.01.](bgz188f0003){#F3}

The migration of colon cancer cells *in vitro* was inhibited by ISOC1 knockdown {#s22}
-------------------------------------------------------------------------------

The effect of ISOC1 on colon cancer cell migration was assessed by wound healing and Transwell migration assays. The results of the wound healing assay showed that, at 48 h after the scratch, HCT-116 or SW-480 cells that were NC lentivirus-infected almost completely closed the gap, whereas wounds were much slower to heal in cells infected with ISOC1-shRNA lentivirus ([Figure 3D](#F3){ref-type="fig"}). The results of the Transwell migration assays suggested that after 24 h, the number of cells penetrating the membrane in the ISOC1 knockdown groups was significantly less than that in the NC group ([Figure 3E](#F3){ref-type="fig"}). The wound healing and Transwell assays demonstrated that the migration capability of colon cancer cells was inhibited by ISOC1 silencing.

Knockdown of ISOC1 inhibited xenograft tumor growth *in vivo* {#s23}
-------------------------------------------------------------

To investigate the effect of ISOC1 on the tumorigenicity of colon cancer cells *in vivo*, HCT-116 cells treated with ISOC1 shRNA (shISOC1-1) or NC lentivirus were subcutaneously implanted into nude mice ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}, available at *Carcinogenesis* Online). As shown in [Figure 4A](#F4){ref-type="fig"}, the images showed that tumor growth was significantly decreased in the ISOC1 knockdown group, and the mean tumor volume and weight ([Figure 4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}) of the ISOC1 knockdown group were dramatically lower than those of the NC group. The expression of ISOC1 knockdown by shRNA was also confirmed by immunohistochemical experiments ([Figure 4D](#F4){ref-type="fig"}).

![Knockdown of ISOC1 inhibits colon cancer cell growth *in vivo* and alters signaling proteins in colon cancer cells. (**A**) The tumors at day 21. HCT-116 cells infected with NC (shCtrl) or ISOC1-shRNA (shISOC1) lentivirus were subcutaneously implanted into nude mice, and 21 days later, the tumors were excised. (**B**) Tumor volumes were calculated in each group every 3 days from day 1 to day 21. (**C**) Tumor weights were measured on day 21. The error bars represent the standard deviation; \**P* \< 0.05, \*\**P* \< 0.01. (**D**) Representative immunohistochemical staining of ISOC1-shRNA (shISOC1) and NC (shCtrl) groups (×400). (**E**) PathScan assay. Eighteen pivotal signaling proteins were detected by the PathScan intracellular signaling array kit. (**F**) The upregulated proteins after silencing ISOC1. (**G**) Western blot assay. The protein levels of p-AKT Thr^308^ and p-GSK-3β Ser^9^ were increased in the shISOC1 group compared to the shCtrl group. (**H**, **I**) Western blot assay. The protein levels of p-AKT Thr^308^ and p-GSK-3β Ser^9^ decreased with UCN01 treatment (100/nM) in ISOC1 knockdown cells. The error bars represent the standard deviation. \**P* \< 0.05, \*\**P* \< 0.01.](bgz188f0004){#F4}

Loss of ISOC1 affected the biological functions of colon cancer cells through the AKT/GSK-3β pathway and promoted the expression of p-STAT1 in the nucleus {#s24}
----------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the underlying signaling pathways mediated by ISOC1, the PathScan intracellular signaling array kit was utilized to detect 18 important signaling molecules in HCT-116 cell lines after ISOC1 knockdown ([Figure 4E](#F4){ref-type="fig"}). The alterations that occurred in pivotal signaling proteins are shown in [Figure 4F](#F4){ref-type="fig"}. The levels of cleaved PARP and caspase-3 and the levels of phosphorylated AKT Thr^308^, GSK-3β Ser^9^, STAT1 Tyr^701^ and AMP-activated protein kinase α Thr^172^ (AMPKα Thr^172^) were obviously increased in ISOC1 knockdown cells compared with NC cells. The level of phosphorylated AKT Ser^473^ was not significantly increased.

Studies have shown that GSK-3β has tumor-promoting effects in colon cancer ([@CIT0014],[@CIT0015]); however, GSK-3 activity was inhibited by phosphorylation at Ser^9^ of GSK-3β ([@CIT0016],[@CIT0017]). Akt mediates the induction of an inactive form of GSK-3β by phosphorylating its Ser^9^ residue ([@CIT0018]). Thus, we first determined the results of the PathScan array by using western blotting ([Figure 4G](#F4){ref-type="fig"}). Then, we used UCN01, which can inhibit phosphorylation of AKT at Thr^308^ ([@CIT0019]), to conduct mechanistic research in colon cancer cells. As shown in [Figure 4H](#F4){ref-type="fig"}, after 20 min of treatment with UCN01, the protein levels of p-AKT at Thr^308^ in the ISOC1 knockdown cells decreased as the concentration of UCN01 increased. To reduce the effect of UCN01 alone on the experimental outcome, we administered UCN01 at the lowest possible effective dose of 100 nM. We also examined earlier time points and determined that there was a significant decrease in phospho-GSK-3β at Ser^9^ in the UCN01-treated cells after applying UCN01 for approximately 2 h ([Figure 4I](#F4){ref-type="fig"}). Then, we divided the ISOC1 knockdown and NC group cells into four groups in the presence and absence of UCN01: shCtrl, shCtrl+UCN01, shISOC1, shISOC1 + UCN01. We further applied the MTS, Transwell and cell apoptosis assays ([Figure 5A--C](#F5){ref-type="fig"}) to confirm the effect of ISOC1 on the biological behavior of colon cancer cells through the AKT/GSK-3β pathway. The proliferation, migration and apoptosis abilities of the ISOC1 knockdown cells were reversed after p-AKT Thr^308^ and p-GSK-3β Ser^9^ expression was suppressed with UCN01. At the same time, in the ISOC1 knockdown cells, we downregulated the mRNA and protein levels of AKT using small interfering RNA; however, the results of MTS ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}, available at *Carcinogenesis* Online) showed that downregulation of total AKT protein could not rescue the inhibition of colon cancer cell proliferation caused by ISOC1 silencing. Subsequently, we verified that the protein level of p-GSK-3β Ser^9^ could be upregulated by overexpression of p-AKT Thr^308^ ([Figure 5D](#F5){ref-type="fig"}). These results indicate that ISOC1 may affect colon cancer cells by partially activating AKT. To further explore the potential mechanism of ISOC1 knockdown effects on proliferation and migration, c-Myc, MMP2 and MMP9 protein levels were examined. As shown in [Figure 5E](#F5){ref-type="fig"}, after downregulating ISOC1 in HCT-116 and SW-480 cells, the protein levels of c-Myc, MMP2 and MMP9 were significantly reduced.

![The effects of ISOC1 knockdown on the biological function of colon cancer cells are rescued by UCN01. Further verification of the mechanism of ISOC1 in colon cancer cells. The protein level of p-STAT Tyr^701^ in colon cancer cell nuclei was increased by ISOC1 knockdown. (**A**) MTS assays. (**B**) Transwell migration assays. (**C**) Cell apoptosis assay. (**D**) Western blot assay. The protein level of p-GSK-3β Ser^9^ was upregulated by overexpression of p-AKT Thr^308^. AKT^Δ-Thr308^: p-AKT Thr^308^ deletion plasmid. AKT^P-Thr308^: p-AKT Thr^308^ activation plasmid. (**E**) Western blot assay. The protein levels of c-Myc, MMP2 and MMP9 were significantly reduced by ISOC1 knockdown. (**F**) Confocal microscopy and western blot analysis of p-STAT1 Tyr^701^ nuclear localization. Green signals represent cells infected with lentiviruses. DNA was visualized with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Western blot analysis showed that the protein levels of p-STAT1 Tyr^701^ were increased in the shISOC1 group compared to the shCtrl group. The error bars represent the standard deviation. \**P* \< 0.05, \*\**P* \< 0.01.](bgz188f0005){#F5}

STAT1 has been shown to have tumor-suppressive activity by inhibiting tumor angiogenesis, growth and metastasis ([@CIT0020]). To investigate the effects of ISOC1 on STAT1, we examined the p-STAT1 Tyr^701^ protein level in ISOC1 knockdown HCT-116 and SW-480 cells. The western blotting results confirmed the observations made by immunofluorescence: compared with NC cells, ISOC1 knockdown obviously increased the levels of nuclear STAT1 protein ([Figure 5F](#F5){ref-type="fig"}).

Discussion {#s25}
==========

CRC patients, even terminal cancer patients, have benefited from new advances over the past decade, including molecular characterization and application of targeted agents, etc ([@CIT0021]). However, worldwide, CRC is still one of the highest ranked malignant tumors by morbidity and mortality rates. Researchers are attempting to search for novel molecular features and unravel the underlying mechanisms of cancer formation.

ISOC1 contains an isochorismatase domain that may be involved in the hydrolysis of ether bonds. The conversion of isochorismate to 2,3-dihydroxybenzoate and pyruvate is catalyzed by isochorismatase. Previously, this process was found to be a part of the shikimic acid pathway in microorganisms ([@CIT0022]); however, ISOC1 and its homologs were also found in mammals ([@CIT0023],[@CIT0024]). Thomas Gronemeyer *et al*. ([@CIT0023]) reported five peroxisome-associated proteins in humans, including ISOC1, and further analysis may facilitate the discovery of new metabolic pathways. Reprogramming of energy metabolism is one of the 10 hallmarks of cancer ([@CIT0025]), and studies ([@CIT0026]) have also suggested that the diversity and complexity of metabolic mechanisms in cancer cells are beyond our understanding. It has been reported that cancer cells are able to increase glucose import into the cytoplasm, and most of the decomposed pyruvic acid is used for glycolysis in the cytoplasm ([@CIT0029]). Aerobic glycolysis has also been reported for many years, indicating that even in an aerobic environment, cancer cellular energy is produced largely through glycolysis ([@CIT0025]), and the intermediate product of glycolysis is likely to provide raw materials for assembling more new cells ([@CIT0032]). Whether ISOC1 overexpression is involved in assembling more new cancer cells or in unknown energy metabolism mechanisms of cancer requires further study.

To better understand the role of ISOC1 in CRC, we conducted a preliminary study. Initially, we confirmed that compared with matched non-tumor tissues, ISOC1 expression was widely increased in cancer tissues and that the increased expression of ISOC1 was significantly associated with tumor size, tumor invasion, local lymph node metastasis and TNM stage. Then, patients were followed up for 2 years after the operation, and we found that higher expression levels of ISOC1 were correlated with shorter disease-free survival time. In addition, due to the small amount of transcriptome sequencing in normal CRC tissues in TCGA database, we combined TCGA and GTEx databases and obtained more data from them. In TCGA and GTEx database, we also found that the expression of ISOC1 in CRC tissues is higher than that in normal tissues, but it is not statistically significant. The difference between this result and our result may be due to the small sample size in the database or our experiments or the difference in the selected samples leading bias in the statistical results.

In the *in vitro* experiments, proliferation and migration were inhibited, and apoptosis was induced after ISOC1 knockdown in colon cancer cells. Furthermore, the xenograft tumors were also inhibited by ISOC1 silencing *in vivo*. We first explored how ISOC1 affects apoptosis-related proteins. The caspase family plays a central role in apoptosis ([@CIT0033]), PARP is one of the first substrates that was shown to be cleaved by caspases ([@CIT0034],[@CIT0035]), and the PARP1 protein contributes to 90% of the total cellular PARP activity ([@CIT0036]). Our results showed that ISOC1 silencing may induce the apoptosis of colon cancer cells through the mitochondrial pathway.

As mentioned in the PathScan results, the expression of some key proteins in signaling pathways was increased after ISOC1 silencing; among these proteins, the role of AMPK in the tumor remains controversial ([@CIT0037]). Phosphorylation of Akt at Thr^308^ leads to a substantial but incomplete activation of AKT ([@CIT0038],[@CIT0039]), maximal activation requires additional phosphorylation at Ser^473^; however, the protein level of p-AKT Ser^473^ was not significantly increased. As mentioned above, GSK-3β has tumor-promoting effects in colon cancer, Akt mediates inactivation of GSK-3β by phosphorylating its Ser^9^ residues, and the AKT inhibitor UCN01 inhibits phosphorylation of AKT at Thr^308^. Thus, we used UCN01 to inhibit the activity of p-AKT Thr^308^ and GSK-3β Ser^9^ and confirmed that ISOC1 plays a critical role in colon cancer cells through the AKT/GSK-3β pathway by using MTS, Transwell and cell apoptosis assays. Additionally, in our study, downregulation of total AKT protein did not rescue the inhibition of colon cancer cell proliferation that was mediated by silencing of ISOC1. We speculate that this may be due to the partial activation of AKT caused by ISOC1 knockdown. To verify this, we overexpressed the protein level of p-AKT Thr^308^ in HCT-116 and SW-480 cell lines and found that the protein level of p-GSK-3β Ser^9^ increased significantly. To further explore the specific mechanism of ISOC1 on proliferation, apoptosis and migration of colon cancer cells, the protein levels of c-Myc, MMP2 and MMP9 were measured. C-Myc belongs to the MYC family, and its high expression is closely related to the growth and proliferation of cancer cells; it also participates in apoptosis resistance as a substrate for GSK-3β ([@CIT0040]). MMP2 and MMP9 belong to the matrix metalloproteinase family and have important roles in cancer cell migration, invasion and metastasis ([@CIT0043],[@CIT0044]). The results showed that the levels of the three proteins were significantly reduced after silencing ISOC1.

STAT1, which belongs to the STAT family, is a tumor suppressor gene ([@CIT0045],[@CIT0046]), and the STAT1-containing complex can translocate to the nucleus to participate in cell proliferation, survival, apoptosis and differentiation. It requires phosphorylation at both Tyr^701^ and Ser^727^ for full activation ([@CIT0047]). One study has reported that abrogation of STAT1 reversed antiproliferative effects in colon cancer cells ([@CIT0048]). We found that silencing ISOC1 led to nuclear transposition of p-STAT1 Tyr^701^ in colon cancer cells, as revealed by confocal imaging and western blotting.

In conclusion, all of these results provide evidence that ISOC1 expression levels in CRC tissues are higher than those in matched non-tumor tissues. ISOC1 overexpression was associated with tumor size, tumor invasion, local lymph node metastasis and TNM stage. The higher expression of ISOC1 levels was correlated with shorter disease-free survival. ISOC1 was confirmed to play an important role in regulating colon cancer cell proliferation, migration and apoptosis through the AKT/GSK-3β pathway, and a high level of nuclear p-STAT1 Tyr^701^ was frequently found in ISOC1 knockdown cells of colon cancer. ISOC1 may be a prognostic factor and therapeutic target for CRC in the future.
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